Aim-To measure total retinal blood flow in normal human eyes using Doppler Fourier-domain optical coherence tomography (FD-OCT).
frequency shift introduces a phase shift in the spectral interference pattern that is captured by a line camera. The spectral information is converted into complex axial scans containing both amplitude and phase, using the fast Fourier transform (FFT). The phase differences between sequential axial scans at each pixel are calculated to determine the Doppler shift. Recently, in vivo flow measurements in branch retinal vessels have been reported using Doppler FD-OCT. [12] [13] [14] We introduced a double circular scan pattern to rapidly measure total retinal blood flow. 15 In this paper, we used this new technique to study retinal blood flow in a group of normal human subjects.
MATERIALS AND METHODS

Study population
The research protocol was approved by the institutional review board of the University of Southern California (USC), in accordance with the tenets of the Declaration of Helsinki. Ten healthy human subjects (four male, six female) between the ages of 35 and 69 years (average 57.4 years) participated in the study at the USC Doheny Eye Institute. Written informed consent was obtained from each subject. The right eyes were measured. The following inclusion criteria were met for these normal subjects: (a) no history or evidence of retinal pathology or glaucoma; (b) no history of keratorefractive surgery; (c) normal Humphrey SITA 24-2 visual field: a mean deviation (MD) and pattern standard deviation (PSD) within the 95% confidence limits of normal reference, and glaucoma hemifield test (GHT) within normal limits (97%); (d) intraocular pressure <21 mm Hg; (e) central corneal pachymetry >500 μm; (f) no chronic ocular or systemic corticosteroid use; (g) normal-appearing ONH and nerve fibre layer.
Following pupil dilation with topical tropicamide and phenylephrine, each subject was seated in front of the Doppler FD-OCT scanner and instructed to look at the green flashing cross fixation target. The chin and forehead of the subject rested on a frame in front of the objective lens. Eight measurements were performed in a single session of less than 10 min.
Doppler FD-OCT
The Doppler FD-OCT system was built by coauthor Izatt at Duke University, and its operating software was purchased from Bioptigen (Durham, North Carolina). It used a wavelength of 841 nm. Its axial resolution was 5.4 μm in tissue. The transverse resolution was 20 μm (beam diameter at retinal plane). The OCT scanning optics in the sample arm was mounted on a slitlamp biomicroscope base. Power incident on the cornea was 500 μW, which was well below the American National Standard Institute limits for extended beam exposure. The measured sensitivity was 107 dB at 200 μm from the zero-path length difference location. The time interval between two sequential axial scans was 56 μs (integration time 50 μs; data transfer time 6 μs). The maximum determinable Doppler shift was 8.9 kHz without phase unwrapping, which gave a maximum axial velocity component in the eye of 2.8 mm/s. The measured phase noise was 51 Hz, which set the minimum determinable speed to 16.3 μm/s.
For blood-flow measurements, a double circular scanning pattern was employed to determine the angle between the probe beam and blood flow. 15 The scanning circles were centred at the optic nerve head (ONH) and had radii of r 1 = 1.8 mm and r 2 = 2.0 mm. The frame rate for Doppler FD-OCT imaging was 4.2 circles/s (2.1 double circles/s).
Image sampling and processing
Each retinal blood-flow measurement was made from a set of four double circular scans (eight circles) acquired in approximately 2 s. There were 3000 axial scans sampled in each circle. Each circle transects all branch retinal arteries and veins ( fig 1) . Total retinal blood flow was measured by summing flow in the veins. The veins were identified by their centripetal flow direction. The locations of the vessels were selected by a human operator. Phase unwrapping and flow profile calculation were then performed by the software that we developed. 12 Volumetric blood flow in each vein was calculated by integrating the velocity over the vessel cross-section and includes steps to account for background motion, Doppler angle, sampling step size and pulsation. 15 The background axial motion of the retina was measured by the Doppler shift of the tissue between the inner retina boundary and the vessel wall. This background was subtracted to obtain the net Doppler shift induced by blood flow. The Doppler shift measured by the OCT system only corresponds to the axial component of the blood flow velocity. To obtain the total velocity, the axial component is divided by the cosine of the incidence angle between the OCT beam and flow direction. The incidence angle was computed by the relative axial position of the vein in the two circular scans of different radii. The standard error of Doppler angle measurements was 1.4°. Thus, if the incidence angle was less than 2.8°f rom perpendicular, the data are rejected to prevent excessive amplification of angle error from the cosine calculation. We found that in the 1.8 to 2.0 mm radius circles, retinal vessels sloped upward as they emerged from the disc, and the incidence angles were usually acceptable for flow measurements. Because the Doppler shift is measured between consecutive axial scans, the transverse movement of the OCT beam between adjacent scans causes a partial phase decorrelation and reduces the measured Doppler shift. Based on previous studies, we divided the measured Doppler shift by a factor of 0.683 to correct for a transverse sampling step of 4.0 μm. 15 The average flow and pulsation factor (ratio between peak and average flow) were measured from the eight time points over 2 s for each vessel. For some veins, if the Doppler flow signal was too weak for accurate reading at diastole, the pulsation factor in the adjacent veins was used to estimate the average flow from peak flow.
The inner diameters of veins were measured from the Doppler shifted flow regions in the OCT images. For each eye, the total retinal venous cross-section area (TVCA) was calculated by summing all branch veins.
STATISTICAL ANALYSIS
Linear mixed models 16 or a generalised estimating equation (GEE) 17 were used to account for intrasubject correlations for repeated measurements for different scans or vessels. The reproducibility was assessed from the pooled standard deviation (SD) and coefficient of variation (CV).
A paired t test was used to compare flow-rate differences between the superior and inferior retinas. The correlation between retinal blood flow rate (y) and vessel diameter (x) used loglog regression analysis with log 10 transformations based on the relationship: y = cx β . A similar analysis was done for the correlations between velocity and vessel diameter. Linear regression analysis was used for total retinal venous blood flow rate versus TVCA. The level of significance was set at 0.05. Statistical analyses used SAS 9.1 software.
RESULTS
Total venous blood flow
In this study, retinal blood flow could be determined for eight of the 10 subjects. We were unable to obtain retinal blood-flow measurements from two subjects; one was due to poor fixation, and the other was due to a tilted disc. Table 1 lists the total venous blood flow, the number of measurable vein branches and the TVCA for individual subjects. The total venous blood flow ranged from 40.8 to 52.9 μl/min. Table 2 lists the statistics of these measurements. The mean (SD) value for the flow results for eight normal subjects was 45.6 (3.8) μl/min. The CV for total venous flow was 10.5%. The TVCA ranged from 0.033 to 0.065 mm 2 . Figure 2 shows a scatter plot of the total venous flow rates vs TVCA for normal subjects, which gives a significant correlation.
Regional differences in blood flow
We examined the blood flow in the superior (F sup ) and inferior (F inf ) retinal hemispheres separately. Venous flow had a mean (SD) of 23.5 (3.0) μl/min for the superior retina and 22.2 (2.6) μl/min for the inferior retina. The flow difference was: ΔF = F sup -F inf = 1.32 (4.13) μl/ min. There was no statistically significant difference (p = 0.4) between the flows for the superior and inferior retinal hemispheres based on a paired t test.
Relationship between blood flow rate and vessel diameter
The inner diameters (D) of retinal veins were measured from the Doppler OCT images and ranged from 33.3 to 155.4 μm. We calculated the relationship between blood flow and D by linear regression for each subject on a log-log scale. The slopes ranged from 1.52 to 2.54, and the mean (SD) was 1.90 (0.40). Linear regression analysis of the combined data from all eight subjects (fig 3) gave a slope of 1.97 (R 2 = 0.86; p<0.0001). This indicated that flow was proportional to vessel area.
The average flow velocity in the veins was 19.6 (2.9) mm/s for the combined data from all subjects. Linear regression did not show any significant correlation between flow velocity and vein diameter.
DISCUSSIONS
Using Doppler FD-OCT, we measured total venous blood flow in normal human subjects. Since arterial and venous flows must be balanced, this is equivalent to measuring the total retinal flow. Measurements by laser Doppler flowmeter (LDF) had confirmed that the difference in the total retinal blood flow measured from arteries compared with veins did not exceed 9%. 18 The average measured total venous flow in our study, 45.71 μl/min, was within the range of previously published values of 34.0 (6.3) μl/min 19 to 64.9 (12.8) μl/min using LDF. 20 In our study, the volumetric flow rate varied with the vessel diameter with a power coefficient of 1.97, which indicates that flow speed was not affected by vein diameter. This logarithmic slope value previously reported for LDF was 2.76∼3.35, 19 20 which indicated faster flows in larger veins. The difference might be due to the vessel diameter measurement methods. In our study, the inner diameters of the veins were measured from the OCT Doppler shift image. For LDF, vessel diameters were measured from a fundus camera image and might be slightly larger.
With regard to superior versus inferior retinal blood flow rates, we did not observe a significant difference. This agrees with other investigators who also found no statistical differences between superior and inferior retinal flows. [18] [19] [20] We also observed that the total venous flow rate correlated with TVCA in normal subjects. This agrees with previous LDF results. 19 The precision of total blood-flow measurement in this study was 10.5% as assessed by CV. The primary limitation to precision was the speed of OCT scanning. A faster FD-OCT system would decrease the motion error in incidence angle calculation and the sampling error due to cardiac pulsation. A faster system would also allow reliable measurement of the faster flow in retinal arteries by reducing phase wrapping and signal loss due to washout of interference fringes.
The measurement of total blood flow could provide an objective tool to monitor treatment approaches that target retinal vascular conditions. This has led many investigators to study retinal blood flow as a surrogate marker of retinal function. [21] [22] [23] [24] [25] However, none of the previously studied blood flow imaging modalities has found its way to widespread clinical application, except for fluorescein angiography (FA), which cannot provide quantitative measurements of volumetric flow. LDF can provide quantitative blood-flow measurement. 19 20 23 -25 However, it is laborious to use because each blood vessel is measured one at a time, and LDF's accuracy is limited by the lack of direct information on the flow-velocity profile and blood-vessel dimensions.
In Doppler OCT, flow profile can be characterised across both depth and transverse dimensions. Total flow is measured by integrating the flow profile over the vessel cross-section and does not require any assumptions regarding vessel shape or flow profile. The measured results in volume flow units can be compared for different subjects.
For clinical applications, the chair time is of great practical importance. Using a circular scanning method, total retinal venous blood flow can be calculated with the data sampled within 2 s. In our study, the scanning session for each subject was less than 10 min for eight measurements. This is much shorter than the reported 1 h session time for LDF. 20 Finally, FD-OCT retinal scanners are becoming widely used in ophthalmology. Doppler bloodflow measurement only requires additional software for scan acquisition and analysis, and no additional hardware modification of the FD-OCT scanner is required. Thus, Doppler OCT may provide widely available clinical blood-flow evaluations with minimal additional cost.
In summary, we present the first clinical study of retinal blood flow using Doppler FD-OCT in a group of normal subjects. Volumetric flow in the branch veins around the optic nerve head was calculated with the data sampled within 2 s. The average total retinal blood flow in eight normal subjects was 45.6 (3.8) μl/min. This method can be used to measure total retinal blood flow without relying on any assumption for vessel sizes or flow profiles. The precision of total blood-flow measurement could be further improved using a faster FD-OCT system. Larger studies are needed to validate clinical application in health and disease. Total retinal blood flow is plotted against total venous cross-sectional area. The best fit line (solid line) was y = 33.04+288.74x (R 2 = 0.57; p = 0.03). Blood volume flow rate versus blood-vessel diameter. Results are on a log-log scale. The solid line is the best fit result of linear regression: y = -3.00+1.97x (R 2 = 0.86; p<0.001). Table 1 Retinal venous flow measurements in eight normal human subjects Table 2 Distribution and reproducibility statistics of retinal vein measurements 
